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Abstract

Recent development of laser technology toward the realization of high-power laser has
opened up a new research area exploring various fascinating phenomena governed by
strongly photoexcited electronic states in diverse fields of science. In this chapter, we
review the laser-induced Fano resonance (FR) in condensed matter systems, which is
one of the representative resonance effects successfully exposed by strong laser field.
The FR of concern sharply differs from FR effects commonly observed in conventional
quantum systems where FR is caused by a weak external perturbation in a stationary
system in the following two aspects. One is that the present FR is a transient phenome-
non caused by nonequilibrium photoexcited states. The other is that this is induced by
an optically nonlinear process. Here, we introduce two physical processes causing such
transient and optically nonlinear FR in condensed matter, followed by highlighting
anomalous effects inherent in it. The first is a Floquet exciton realized in semiconductor
superlattices driven by a strong continuous-wave laser, and the second is the coherent
phonon induced by an ultrashort pulse laser in bulk crystals.

Keywords: laser, Fano resonance, photodressed states, exciton, dynamic localization,
Floquet theorem, coherent phonon, ultrafast phenomena, polaronic quasiparticle

1. Introduction

In quantum systems where discrete levels are embedded in energetically degenerate contin-
uum states, resonance phenomenon is likely manifested, that is, characteristic of asymmetric
spectral profiles consisting of both a peak and a dip. This is known as Fano resonance (FR) [1];
this is also termed as either Feshbach resonance or many-channel resonance. FR is one of the
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210 Resonance

common and fundamental concepts in diverse fields of physics and chemistry; FR processes
are observed, for instance, in strongly interacting Bose-Einstein condensates in an ultracold
atomic system [2-4], superexcited states of molecules [5], a semiconductor quantum dot in an
Aharonov-Bohm interferometer [6], an electronic transition near Weyl points strongly coupled
with an infrared-active phonon in a Weyl semimetal [7].

In particular, within the restriction just to the FR processes triggered by laser irradiation, these
may be classified in terms of the three categories as shown in Table 1. The first category is
regarding whether a process is a linear one or a nonlinear one with respect to an order of a
laser-matter interaction, as categorized as (al) and (a2), respectively. For instance, the former is a
photoabsorption process [8-11], and the latter is a multiphoton process [12-16]. The second
category is regarding whether the process results from a built-in interaction between the discrete
level and continuum that is intrinsic to a material itself or from a coupling induced extrinsically
by a laser, as categorized as (b1) and (b2), respectively. For instance, the former is the interaction
of an electron with a longitudinal optical (LO)-phonon in incoherent Raman scattering [17-22],
and the electron-electron interaction brings about autoionization and the Auger process [23]. The
latter FR process is known as a laser-induced continuum structure [2—4, 24]. The third category is
regarding whether the process is a (quasi)stationary one or a transient one, as categorized as (c1)
and (c2), respectively. In other words, this is whether (quasi)time-independent or time-
dependent. For instance, the former is induced by a continuous-wave (cw) laser (monochromatic
laser) [15, 16, 25, 26], and the latter is by a short pulsed laser [27-31].

It is stressed that for the FR categorized as (a2), its physical characters—such as asymmetry in
spectral profile, spectral intensity, resonance position, and spectral width—are controllable in a
quantum-mechanic manner by tuning various laser parameters. Thus, it is expected that under-
lying physics is enriched by intriguing effects inherent in this sort of FR. This differs from most of
FR processes observed thus far because of being simply classified as (al)-(b1)-(cl).

Currently, new research areas have been opened up owing to the progress of laser technology
toward the realization of sophisticated high-power light sources. In particular, in the field of
condensed matter physics, the development of high-intensity terahertz (THz) wave enables us to
explore a photodressed quantum state in which a temporally periodic interaction of THz wave
with matter is renormalized in the original quantum state in a nonperturbative manner [32-34].
Such an anomalous state is termed as a Floquet state because of ensuring the Floquet theorem
[35]. Further, the development of ultrashort pulse laser—with its temporal width being of an

Category Characteristic

Optical process (al) Linear (perturbative) (a2) Nonlinear (nonperturbative)
Interaction (b1) Intrinsic (built-in) (b2) Extrinsic (external)

causing FR

Light source (c1) Monochromatic, continuous wave (c2) Pulsed (transient)

(stationary/quasistationary)

Table 1. Classification of FR into three categories.
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order of 10 femtosecond (fs)—enables us to explore ultrafast transitory phenomena governed by
strongly photoexcited electronic states. Bearing in mind such current situations, here, we focus
exclusively on the laser-induced FR effects realized in the following two physical systems. One is
a Floquet exciton formed in semiconductor superlattices (SLs) driven by a strong THz wave, and
the other is a coherent phonon (CP) generated by ultrashort pulse laser in bulk crystals. In the
light of Table 1, the FR effects of concern sharply differ from those commonly observed in
conventional quantum systems classified as (al)-(b1)-(c1) in the following aspects. Both of the
Floquet exciton and the CP are induced by optically nonlinear processes, and hence the signifi-
cant quantum controls of FR are feasible by means of tuning the respective applied light sources.
Further, the Floquet exciton forms manifolds of quasistationary states with quasienergy as a
constant of motion, where the FR is mediated by the ac-Zener tunneling caused by the THz
wave. Hence, this is classified as (a2)-(b2)-(c1) and is herein termed as dynamic FR (DFR). On
the other hand, the CP is a transient phenomenon caused by the built-in interaction of an
LO-phonon with nonequilibrium photoexcited carriers. Hence, this is classified as (a2)-(b1)-(c2)
and is herein termed as transient FR (TFR).

Below, we survey the present research backgrounds of DFR and TER in brief. In both cases, the
applied electric field of pumping laser is represented as F(t) = Fo(t) cos(wt) with an envelope
function Fy(t) at time t and the center frequency w.

To begin with the DFR, this is closely related with the photodressed miniband formation [36].
Here, the cw laser with a constant amplitude Fy(t)=F,. gives rise to a nonlinear optical
interaction with electron to result in a photodressed miniband with effective width
A = AolJo(x)|, where Ay and Jo(x) represent the width of the original SL. miniband and the
zeroth-order Bessel function of the first kind with x = eF,.d/hw, respectively, and e, d, and 7
represent the elementary charge, a lattice constant of the SLs, and Planck’s constant divided by
2m, respectively. Each photodressed miniband forms a sequence of photon sidebands arrayed
at equidistant energy intervals of w following the Floquet theorem. The DEFR is caused by the
interaction due to the ac-Zener tunneling between photon sidebands pertaining to different
sequences, and this is coherently controlled by tuning F,. and w. In particular, it is expected
that an anomalous effect attributed to dynamic localization (DL) on DFR is revealed on the
occasion that all of the photodressed minibands collapse by tuning x to ensure Jo(x) = 0 [36-38].
The DL was first observed in electron-doped semiconductor SLs driven by a THz wave [39]. In
addition, this has also been observed in diverse physical systems such as a cold atomic gas in
one-dimensional optical lattices [40], a Bose-Einstein condensate [41], and light in curved
waveguide arrays [42—44].

As regards the TFR, this was observed in a lightly n-doped Si crystal immediately after carriers
were excited by an ultrashort laser pulse [45], where the speculation was made that the observed
FR would show the evidence of the birth of a polaronic-quasiparticle (PQ) likely formed in a
strongly interacting carrier-LO-phonon system in a moment [46]. The TFR of concern has been
observed exclusively in this system and semimetals/metals such as Bi and Zn [47, 48] till now,
however, not observed in p-doped Si and GaAs crystals [49, 50]. Thus far, there are a number of
theoretical studies regarding these experimental findings. The time-dependent Schrodinger
equation in the system of GaAs was calculated to show the asymmetric shape featuring FR
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spectra, though apparently opposed to existing experimental results, as mentioned above [51].
Further, the classical Fano oscillator model was presented based on the Fano-Anderson Hamil-
tonian [52, 53], and the close comparison of the experimental results of the CP signals of Bi was
made with the time signal obtained by taking the Fourier transform of Fano’s spectral formula
into a temporal region [48]. Recently, the authors have constructed a fully quantum-mechanical
model based on the PQ picture in a unified manner on an equal footing between both of polar
and nonpolar semiconductors such as undoped GaAs and undoped Si [31]. Here, it has been
shown that the TFR is manifested in a flash only before the carrier relaxation time (~100 fs) in
undoped Si, whereas this is absent from GaAs.

Acronyms used in the text and the corresponding meanings are summarized in Table 2. The
remainder of this chapter is organized as follows. In Section 2, the theoretical framework is
described, where the models of the DFR and TFR are presented separately in Sections 2.1 and
2.2, respectively. The results and discussion are given in Section 3, and the conclusion with
summary is given in Section 4. Atomic units (a.u.) are used throughout unless otherwise stated.

Acronyms Meanings

CP Coherent phonon

cw Continuous wave
DFR Dynamic FR

DL Dynamic localization
FR Fano resonance

fs Femtosecond

LO Longitudinal optical
PQ Polaronic-quasiparticle
SL Superlattice

TFR Transient FR

THz Terahertz

Table 2. Summary of acronyms used in text in alphabetical order and corresponding meanings.

2. Theoretical framework

2.1. Theoretical model for DFR in the photodressed exciton

2.1.1. Optical absorption spectra

The total Hamiltonian H (DPR)(t) concerned comprises a SL Hamiltonian consisting of field-free
Hamiltonians of the conduction (c) and valence (v) bands, a Coulomb interaction between
electrons, an intersubband interaction caused by the driving laser F(f) polarized in the direction
of crystal growth (the z-axis), and an interband interaction caused by the probe laser f(t) = f,cos
(w,t) with the center frequency w, and the constant amplitude f,; it is assumed that F,. > f, and
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. . L . _/ @t © \ . .
@ < w,. The microscopic polarization defined as p, - K (t) = <a M Wk, > is examined to shed

light on the detail of DFR of the Floquet exciton; (O) represents the expectation value of the
operator O. Here, A"’ = (b),1"’), which represents the lump of the SL miniband index b*) and the
SL site [). In addition, k; represents the in-plane momentum associated with the relative motion
of the pair of c band and v band electrons, where the in-plane is defined as the plane normal to

the z-axis; hereafter, the relative position conjugate to k is represented as p. Further, a/(\s,z;r (a/(\s,zu>

represents the creation (annihilation) operator of the electron with A and k| in band s.

The equation of motion for the microscopic polarization is given by the semiconductor Bloch

d 1 v c) 13
<dt )PAA () = <[a/(\k)|+a/(\lz|vH(DFR)(t)]> D

with T, dephasing time. For the practical purpose of tackling the multichannel scattering
problem of exciton, it is convenient to transform it into the equation for p(p, z,, z, ) defined
in the real-space representation as

equation

B0, 20,20, 1) = € / Ay (2| AP, ()X |20, @
AN

where (Al z) represents the Wannier function at position z—Id in SL miniband b. The resulting
equation becomes

d 1 ; oc
(m l%)p(p,zv,zc, )+ @n) ety (A5 5(p)d (20 — zc)

3)
= [dz {p P, 2,2, t)H( )(z Ze, t) — H(ng(zv,z, t);?(p,z,zc,t)} + H(p, 2o, 20)P(Ps 20y Ze, F),

where the rotating wave approximation is employed by replacing f(t) by f(()+)( = (fp / 2) —iwpt
and dévc) represents the interband dipole moment of a bulk material. Here, the Hamiltonian
H(p,z,z.) for the in-plane motion is given by H(p, z,,z.) = — Vf, /2my + V(r), where my and V

(r) = —1/(eor) represent an in-plane reduced mass and the Coulomb interaction, respectively,

with r=1/p? + (z, — z.)* and ¢, the dielectricity of vacuum. The nearest-neighbor tight-
binding Hamiltonian of the laser-driven SLs is given by H(TS]% (z,2,t) = <z|H (D7 > where

b+0°
f) ©) (=1)
Hyp(t) = Eop INA] +——A7(|L,b)(I + 1,b| + |l + 1,b){I,b]|) ANZ
18 () A%l)[OH)(l 1 2 (L b)( |+ | i Il ZI
4)
and e(()? and Aés) represent the band center and the band width of b, respectively, with ¢° =0 (for

s=c) and 1 (for s = v). The last term of Eq. (4) represents the dipole interaction induced by the
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driving laser F(t) with Zf\s)/\, as a dipole matrix element. It should be noted that the off-diagonal

contribution of Z/(\S)/\, with b#b’ induces the ac-Zener tunneling, which plays a significant role

of quantum control of DFR, as shown below.

The concerned function p(p,z,,zc,t) can be expressed in terms of the complete set of the
Floquet wave functions {{gs(p, z,, 2, 1)}, that is,

P»Zvazm /dEZaEﬁwEﬁ P»Zvazm ) (5)

with agg as an expansion coefficient. Here, the Floquet wave function ensures the following
homogeneous equation associated with the inhomogeneous equation of Eq. (3) as

d c v
( g E> Vg zorzer) = [ 2[00 20,2 DH 21200 ) — H (2002 O0pgp. 2,20, )

+H(Pazv7zc)¢glg(P7Zv,Zm t)/ (6)

where the temporally periodic boundary condition Yeg(p,zy ze t) = VEp(P, 20 2o, t+T) is imposed
on it with E and T = 27m/w as quasienergy and the time period of the driving laser field,
respectively. Equation (6) is the Wannier equation of the Floquet exciton of concern. It should
be noted that this is cast into the multichannel scattering equations and the Floquet state of
VEep(P, 20 2, t) forms a continuum spectrum designated by both E and  with 8 representing the
label of an open channel. Such a multichannel feature is introduced by the strong driving laser
F(t) that closely couples an excitonic-bound state with continua; more detail of the
multichannel scattering problem is described in Section 2.1.2. The expansion coefficient agg is
readily obtained by inserting Eq. (5) into Eq. (3) in view of Eq. (6) as

() )2d) f /2 ) ,
AEp = (E—w,— )T / tl/’Eﬁ 7)

where 1/)Eﬁ = [dzis(0,2,2,t) and y = 1/To.

Since the macroscopic polarization is given by P(t) = >, \ [ dk”dévc)*pM/k” (t), the linear opti-
cal susceptibility x(t) with respect to the weak probe laser f(t) is cast into [54]

2
‘dé“) Oxs(£)
B } : B

where Ogg(t) = |:¢Eﬁ(t) / T} fOT dat’ Jzﬁ(t’ ). Taking the Fourier transform of x(f)=Y"" x{(w, ),

leads to the expression of the absorption coefficient to be calculated as
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a)p, Z Im Xj a)p, 9)

with C the speed of light; x;. (w,; @) vanishes in the limit of F,.—0.

2.1.2. Multichannel scattering problem

The absorption coefficient of Eq. (9) is obtained by evaluating a set of the wave functions,
{YEp(p, 20 2, t)}- To do this, first, the wave function is expanded as

lpEﬁ p7ZU’ZC7 Z(D Zvazm (p)/ (10)

where p = |p|, and just the contribution of the s-angular-momentum component is incorporated
because of little effects from higher-order components. Here, ®@,(z,zt) is the real-space repre-

sentation of the Floquet state |®,), that is, ®,(z,z,t) = (zp 2z ®,), satistying <IEITB - ib/bt)

|D,) = E,|Dg), where Hp=H (T% +H (ng and £, is the uth quasienergy. The index  is consid-
ered as the approximate quantum number y = [fi,k| with @ = [b., b,,n,] as a photon sideband
index, where b. and b, are SL miniband indexes belonging to the c- and v-bands, respectively,
and k and 1, represent the Bloch momentum of the joint miniband of (b.,b,) and the number of
photons relevant to absorption and emission, respectively. The quantum number {7 becomes a set
of the good quantum numbers with F,. decreasing, while k always remains conserved because of
the spatial periodicity in the laser-driven SLs of concern. In view of Eq. (10), Eq. (6) is recast into
the coupled equations for the radial wave function F,4(p), that is,

> LwFw(p) = EFus(p), (11)
1%

where L, is an operator given by Ly, = 8,,[—@2m)" (d*/dp*+p'd/dp)+E,]+V,n(p) and V,,(p) is a
Coulomb matrix element defined as V(p) = T-! fOT dt [dz, [ dzC(D:(zv,zC, HV (p, zo, zc)
D, (zy, zc, ).

The Floquet exciton in the laser-driven SL system pertains to the multichannel scattering
problem, because V,,,(p) vanishes at p > 1. Actually, for a given E, the channel u satisfying E
>&, is an open channel, while the channel u satisfying E<£,, is a closed channel. Thus, the label
u of F,g plays the role of the scattering channel. On the other hand, the label f means the
number of independent solutions satisfying Eq. (11). Here, there are same number of indepen-
dent solutions as open channels, since as many scattering boundary conditions are imposed on
F,g at p > 1; while evanescent boundary conditions that F,s vanishes at p > 1 are imposed on
closed channels. Eq. (11) can be numerically evaluated by virtue of the R-matrix propagation
method, which is a sophisticated formalism providing a stable numerical algorithm with
extremely high accuracy [55].

It is expected that the DFR of concern is caused by a coupling between photon sidebands
mediated by ac-Zener tunneling, as mentioned in Section 1. To see this situation in more detail,
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Figure 1 shows the interacting two photon sidebands f and i’ = [b’ 24 n;} , where the discrete

o Yo
Floquet excitonic state is supported by the photon sideband i, and this is also embedded in the
continuum of the alternative photon sideband f'. It is likely that the DFR occurs due to a close
coupling between these photon sidebands, and, eventually, the exciton state decays into the
continuum state pertaining to f'. In fact, it is noted that the Coulomb interaction incorporated
in Eq. (6) also gives rise to FR. Defining the difference between the photon numbers of both
photon sidebands, namely, An, = |n, — nl’gl, the ac-Zener tunneling is featured by An,#0, while

the Coulomb coupling is by An, = 0. The spectral profile and intensity of FR in the former can be
even more effectively controlled than in the latter by modulating the laser parameters F,. and w,
since the degree of magnitude of ac-Zener tunneling depends exclusively on both of the external
parameters, differing from the Coulomb interaction. In the region of F,. weak enough to sup-
press the ac-Zener tunneling, the FR is dominated by the Coulomb coupling, similarly to the
conventional FR observed in the original SLs without laser irradiation [56].

2.2. Theoretical model for TFR in the CP generation

2.2.1. Introduction of polaronic quasiparticle operators

~ (TFR ~ (TFR
The total Hamiltonian H (TER) of concern is given by H (TFR)

—H, + ﬁ’(t) + Iflp + He_p. Here, H,
represents an electron Hamiltonian including an interelectronic Coulomb potential, where a
two-band model is employed that consists of the energetically lowest c band and the energet-
ically highest valence v band, and a creation (annihilation) operator of electron with band

index b and Bloch momentum k is represented as a, (ay). ?Ip represents an LO-phonon

Continuum of
Floquet exciton

ac-Zener
Bound states of { ——  tunneling
Floquet exciton H

Photon sideband 1 Photon sideband [’

Figure 1. Schematic diagram of the DFR formation in the Floquet excitonic system. This shows the coupling mechanism
that a bound state supported by the sideband i interacts with a continuum state belonging to the sideband 7’ by the ac-
Zener tunneling to result in the Fano decay (from Ref. [15] with partial modification).
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Hamiltonian, where a creation (annihilation) operator of LO-phonon with an energy disper-

~/ ~
sion a),(,LO) at momentum g is represented as c;; (¢). Further, H (t) and H,_, represent interac-

tion Hamiltonians of electron with the pump pulse and the LO-phonon, respectively. These are
given as follows:

> [Quw (B afay + Qpy () afan], (12)
b, (D), k

N[ —

where Qy(t) = dpy F(t) with dyy an electric dipole moment between b and b bands, and

2 S + w ot
H,p = Z <8chq”hk+q”bk + gchqabkabk+q>’ (13)
b,q,k

where g;, is a coupling constant of b band electron with the LO-phonon. Here, let the envelope
of F(t) be of squared shape just for the sake of simplicity, that is, Fo(t) = FoO(t+7./2)0(T /2 —1)
with F, constant, where temporal width 7, is of the order of a couple of 10 fs at most,

satisfying 7, <27/ a),(,LO).

The equation of motion of a composite operator A;(kbb') =af s 4k is considered below,
where this represents an induced carrier density with spatial anisotropy determined by g; |g|
is finite, though quite small, that is, g#0. It is convenient to remove from this equation high-
frequency contributions by means of the rotating-wave approximation [57] by replacing
— o+ . .
A;(kbb’) by e’“’bb’tAq(kbb'), where @, = W, Wy = —w, and @y, = 0. Thus, the resulting equation

of motion is as follows:

d 1 —T / 7 —t / Tt N 3 A /
_l<d_t+W> A, (kbb') = [T (), A, (b )| — Ay (bt @y + |y, Ay (V)| »

where the total electronic Hamiltonian is defined as ﬂe(t) —H,+H /(t), the first commutator
in the right-hand side of the first equality is evaluated by making a factorization approxima-

tion, and Tq(kbb/) represents a phenomenological relaxation time constant relevant to A;(kbb’).

Further, Z, represents a non-Hermitian matrix, which is a slowly varying function in time,
since rapidly time-varying contributions are removed owing to the above rotating-wave
approximation, aside from the discontinuity at t = +-7,/2.

Bearing in mind this situation, we tackle left and right eigenvalue problems of Z, [58],
described by U;’Lz, = qul],f and Z,Uf; = Uf;é'q, respectively, in terms of an adiabatic-
eigenvalue diagonal matrix £, and the associated biorthogonal set of adiabatic eigenvectors

{Us, Uf;} with time ¢ fixed as a parameter. The orthogonality relation and the completeness
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are read as Uff Uf; =1 and uf;ug* =1, respectively [58]. Given the relation Z, = ufquug*,

Eq. (14) is recast into the form of adiabatic coupled equations:

dBt

—i— 1 = Bl Ega+i ) B Wywa + |Heop. B, (15)
a/
where the operator B+ is defined as B+ = Aq Uga, Weoaa = [duqa, / dt] qor —I—Uqa,T Usm and

&4a(t) is complex adiabatic energy at time ¢ associated with the operator B qa( t) thus introduced.
Hereafter, this operator is termed as a creation operator of quasiboson, and the corresponding
annihilation operator is defined as By, = U A, The set of eigenstates {a} is composed of

continuum states represented as 8 with eigenenergy £,4 and a single discrete energy state
represented as a; with eigenenergy &£,,, that is, {a} = ({f},a;); the state  corresponds to
electron-hole continuum arising from interband transitions, and the state a; corresponds to a

plasmon-like mode. It is noted that the relation of <[ o (1), B, ( )D = Ogq'Oaw is assumed,

i’ o
though B,,(t) and B:;a(t) do not satisfy the equal-time commutation relations for a real boson,

where X means an expectation value of operator X with respect to the ground state; the
validity of the criterion of this relation is discussed in detail in Ref. [31].

Eq. (13) is rewritten as ﬁe_p =2 a(ch;ana—i—M,’;anac;) with an effective coupling
between quasiboson and LO-phonon as My, = Zkbgbqll” (kbb). Thus, the commutator in

Eq. (15) is approximately evaluated as [H e-p>B qa} M,;C;, though M « 7 My, On the other

hand, the equation of motion of the LO-phonon is described by —idc g/t = S B! gaMgat

cqa)g 9. Both of the equations of motion for BJr and c are integrated into a single equation in

terms of matrix notations as follows:

—z% (Bf.ch) = (Bl ch )y + (iByw,,0). (16)

& M
Here, the non-Hermitian matrix h,={h,,,} given by h; = < M7+ w@?y)) is introduced with
q )

y,y/ =1~N+2, where N represents the number of electron-hole (discretized) continua, namely,
p =1~N, aside from two discrete states attributed to a plasmon-like mode and an LO-phonon
mode designated by a; and a,, respectively: {y} = ({8}, a1,a2). In the system of the TFR of
concern, the case is exclusively examined that both of the discrete levels of a; and a5, are
embedded into the continua {}. Thus, the following coupled equations for the multichannel
scattering problem are taken account of

R R
> hap Vg = VaypEap (17)
y/
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R _ [yR
where Vqﬁ {Vwﬁ

larly to Eq. (11) for the DFR, the indices of y and f play the roles of a scattering channel and the
number of independent solutions, respectively. Eq. (17) provides the theoretical basis on which
both of LO-phonon and plasmon-like modes are brought into connection with the CP dynam-
ics on an equal footing. In terms of this vector, a set of N-independent operators,

F;ﬁ (B=1~N), is defined as

} is the right vector representing the solution for given energy &,s; simi-

Fis = Z BasVags + oo, Vaus €V guop: (18)

9By

inverse relations B’L = F;V;Z and c =Tt Vs; , where V?Vf; =1 and VgV;’L = 1. Hereafter,

the operator Pqﬁ( ) thus introduced is termed as a creation operator of PQ, and then the

In addition, the left vector V” = {V” } associated with Vf;ﬁ is introduced to ensure the

corresponding annihilation operator is Fug(t); these are not bosonic operators. The
bosonization scheme for the PQ operators is similar to that for the quasiboson operators,
where the PQ ground state is given by the direct product of the ground states of quasiboson
and LO-phonon and € 44(t) is read as the single-PQ adiabatic energy at time t with mode gp.

Given Eq. (18), Eq. (16) becomes adiabatic coupled equations for F;:

d + ot , +
i Fop = Fopap + iy FloToes (19)
ﬁ/

where 7, = (dV;Jr / dt> Vg + V;*Wqu;. In terms of F,; and F:;, the associated retarded Green
function is given by [59]

GRog (t.') = —iB(t — t’)< [F,,ﬁ(t),F;ﬁ,a')] > (20)

2.2.2. Transient induced photoemission spectra

A weak external potential f,(f) additionally introduced in the transient and nonequilibrium

system of concern induces an electron density ng nd) (t) given by

= o [ e nr,) ed)

based on the linear response theory [59, 60] with V the volume of crystal. It is noted that

n(qi”d) (t) is nonlinear with respect to the pump field. Here, )((qt) (t,t') represents the retarded
longitudinal susceptibility that depends on passage of t and the relative time 7 = t—¢, differing

from equilibrium systems depending solely on 7. Introducing a retarded longitudinal
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susceptibility due to the electron-induced interaction and that of an LO-phonon-induced

interaction represented as x,(t, t) and X, (t, 1), respectively, )(E,t) (t,t') is given by [59]
XY (1) = xg(81) + X (8 ). (22)

Let fq(t/) be assumed to be fq(t,) = fq0 ot — t,) in the present system; f,o is independent of t, and
t, represents the time at which fq(tl) probes transient dynamics of concern. Thus, it is seen that

Xy (t,t,) reveals the way of alteration of nid"(t) after t,, since Eq. (21) becomes nd" () =
Faoxd (£ 1) 0(t — t,) /4mV.

In terms of )(E,t) (t, + 1, 1,), the dielectric function &,(t,+1,1,) is readily obtained, and by taking
the Fourier transform of it as &,(t,;w,) = [; dre ™ e, (t, + 7,t,), this leads to a transient
absorption coefficient a,(t,;w,) at time t,. This is given by a,(t,;w,) = wA4(t,;w,)/n(t,;w,)C,
where A, (ty; wp) = Imé,(ty; wp) and n(t,;w,) represents the index of refraction. It is remarked
that according to the definition of the sign of w, made above, transient photoemission spectra,
where A,(t,;w,)<0, peak at positive w,, while transient photoabsorption spectra, where A,(t,;
wp)>0, peak at negative w,. For the sake of the later convenience, the transient induced

photoemission spectra are defined as A4 (t,; wp) = —Ag(ty; wp).

Based on the PQ model developed in Section 2.2.1, x,(tt) and Xq(t,t') can be explicitly

expressed in terms of the retarded Green function given by Eq. (20). Here, the obtained results
are shown below; for more detail, consult Ref. [31]:

471
Xa(t#) =37 D Nya(OVias ()Gl (6 )V i (NG (£), @3)
Vi

where N sa => LI;Z (kbb), and this is equivalent to a normalization constant of the left vector

Lt,
Ukt

: Z{E'S(t, t)+ [0, 0.1) } (24)

/ A
Xq(t’ t ) iy \V4
where g; is a constant in proportion to (gc4+gv4)/2 and

Lt
quazﬁ qﬁﬁ t t)Vqﬁa ( /) (25)

Finally, the TFR dynamics caused by the CP generation is mentioned based on the PQ picture.
As shown in Figure 2, the LO-phonon state «, is embedded in the quasiboson state 5, and the
effective coupling between both states induces the formation of transient PQ FR state. This
composite state is deexcited into the PQ ground state via two paths: one is the transient
photoemission from «,, and the other is from f. It is likely that these two paths interfere to
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PQ FR-State

: LO-Phonon

. (Discrete State: o)

Photoemission from
Quasiboson State

Photoemission from
LO-Phonon State

PQ Ground-State

Figure 2. Schematic diagram of the TFR dynamics based on the PQ picture, where the LO-phonon state a, is embedded
in the quasiboson state . The PQ FR state composed of @, and f8 is deexcited by induced photoemission process. For more
detail, consult the text (from Ref. [31] with partial modification).

give rise to asymmetry in spectra. It is remarked that the contribution from the plasmon-like
mode a; is omitted because of a negligibly smaller effect on the TFR.

3. Results and discussion

3.1. DER in the photodressed exciton

For the calculations of DFR spectra, the semiconductor SLs of GaAs/Gag;5Aly25As are
employed with 35/11 monolayers (ML) for the well and barrier thickness, where 1 ML =2.83 A.
Here, 14 photon sidebands of i = [1,1, —3 ~ 3] and [2,1, —3~3] are incorporated by setting w
to 91 meV; this equals to the difference between the centers of the joint minibands of (1,1) and
(2,1). Other photon sidebands are neglected for the sake of simplicity.

First of all, the calculated quasienergy bands {£,} as a function of F,. are shown in Figure 3 to
illustrate the effect of ac-Zener coupling. The two photon sidebands labeled by u; = [1,1,0,k]
and p, = [2,1,—1,k] are mixed by the coupling induced by the driving laser F(t). With the
increase of F,, the quasienergy bands are branched into two distinct photon sidebands, termed
as the upper sideband ., and the lower sideband 1, where both labels of ;1 and p, are no
longer good quantum numbers, aside from k. It is noted that both of y, and u_ form dynamic
localization showing band collapse around two points F,. = Fpr1=170 kV/cm and Fp,=395
kV/cm. Figure 4 shows the absorption spectra a(w,;w) obtained by solving Eq. (9) in the range
of F,. from 10 to 450 kV/cm. Asymmetric spectral profiles characteristic of DFR are discerned at
the arrowed positions of w, when F,> 150 kV/cm, where all peaks are followed by dips. These
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Figure 3. The quasienergy &, as a function of F,. w is set to 91 meV. The vertical double arrows represent the original SL
miniband widths corresponding to the photon sidebands of 111 and p, (from Ref. [16] with partial modification).

T T T T T T ] T
> ,‘459 kV/CII“l“
F=l s RN

S A £200 kV/eniy
Y 7 k
=2 ;;t\\h A 350 kViem
& T e -
- W\ M- sideband . 300 kV/em
8 b WIAZ 0 i
.9 RN : 250 kV/em
& N4 " 1 sideband -
8 L A 200 kV/em
o i
- 150 kV/em
@]
e
o, 100 kV/em
B~ _
2 |
o | 50 kV/em
< o i 10 kV/em |
1 ITI_J Tiae o+ Ly 1 : : 1 1 | 1

1.55 1.6

Figure 4. Absorption spectra a(w;,;w) as a function of w, for F,=50-450 (kV/cm) with w= 91 meV. A series of the arrowed
spectral profiles are examined exclusively in the text. The quasienergies shown in Figure 3 are also plotted (dotted lines)
(from Ref. [16] with partial modification).
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peaks are located just below the upper sideband p., thereby being blue shifted. Consulting
Figure 1, the DFR is dominantly formed by the interaction between one open channel u_ and
one closed channel ..

To deepen the understanding of the DFR exciton, its characteristic quantities determining the
spectral profiles are extracted from a(¢) =a(w,;w) arrowed in Figure 4 by being fitted to Fano’s
Formula [1]:

(e +4)°

2
T 29)

ae) = ap

in the vicinity of an excitonic resonance quasienergy &, where ¢ = 2(w,—&,,)/I" with the
spectral width I and the asymmetry parameter (Fano’s g-parameter) 4"<0. Figure 5(a) shows
the evaluated values of [1/g"’| and T as a function of F,., while Figure 5(b) shows the peak
intensity a(0) = ao[q(F PP=a,.e and background spectra a(£) = a; as a function of F,. It is seen
that these functions are affected pronouncedly by F,; in particular, extrema are formed around
F,. = Fpr1. It is remarked that with the decrease in |1/q(F )| and T, the DFR state becomes a pure
bound state. In addition, there still exist faint extrema around F,. = Fp;, in the concerned
quantities except I'. Therefore, the DL is considered to fulfill a special role of the quantum
control of photodressed excitonic states.

For the purpose of confirming such an effect of DL and the pronounced F,. dependence of
related quantities on the excitonic DFR, one evaluates the transition probability between the
photon sidebands of 4 and i, due to the ac-Zener coupling; this value is represented as M(F,.)
as a function of F,.. This corresponds to the degree of mixing between these two photon

0.1
» 0.10
@_ !
c' ~—
=< 0.05 0.05 2
- =)
0
0.1 o 80
o T > 1 2
S 005} .I. ...lllll-.... 140 g
(b) |
: : : 0
100 200 300 400

E,. (kV/em)

Figure 5. The DFR-related quantities as a function of F,. with the fixed value of ¥=91 meV. The calculated results
represented by the filled symbols are connected by the solid lines in order to aid the presentation. (a) [1/4”| and I' and
(b) ap and a,,,,» (from Ref. [16] with partial modification).
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sidebands. M(F,.) is readily obtained by solving the associated coupled equations between p;
and (i, in an approximate manner of neglecting contributions from all other photon sidebands
[16]. Given A¢ and v as the difference of ac-Zener-free quasienergies between p; and p,, and
the matrix element of the ac-Zener coupling between them, respectively, M(F,.) is provided as

. > 1 1
M(Fye) = [sin (¢/2)]" = 5 <1 = ﬁ) (27)

where z=tan¢ = 2|v|/|A¢|. With x = F,d/w, v and Ae¢ are evaluated as vxx and Ae o cos(kd)]o(x),
respectively; see Section 1. Thus, one has z = 2x/nJy(x) where 1 is a proportional constant
between Ae and v. According to Eq. (27), for finite values of 1, with the increase of F,., M(F,)
increases from 0 to 1/2 in an oscillating manner; for more detail of the shape of M(F,;) for
several values of 1, consult Ref. [16].

The alteration pattern of M(F,.) with respect to F,. looks somewhat similar to the shapes of the
DFR-related functions shown in Figure 5. In particular, it is noted that M(F,.) has extrema at
zeros of Jo(x), which just correspond to DL concerned here; that is, M(F,.) shows extrema at
F.. = Fpr1 and Fpp». In fact, M(F,.) shows a clear extremum at F,. = Fp;;, while the second
extremum at F,. = Fp| 5 is not obviously discernible. This is understood by the behavior that the
oscillating component incorporated in Jo(x) is overwhelmed by the ac-Zener coupling v for
large x. Therefore, it is concluded that the characteristic F,. dependence of the functions of |1/
q(F )|, I', amax and ay is attributed to the competition between the ac-Zener effect and the band
width of the free electron-hole pair states in the vicinity of the DL positions.

Finally, one mentions in brief the w dependence of the physical quantities |1/q(F )| and T at
F,=180 kV/cm in the vicinity of F,, = Fp;;. As shown in Figure 6(a), |1/7"| decreases sharply
with the increase in w, while I' is maximized around w = 91 meV at which the centers of two
photon sidebands p; and p, coincide. The tendency of |1/q(1E )| is in harmony with the w
dependence of the ratio of d. to d,, namely, r, = d./d,, as shown in Figure 6(b), where d. and 4,
represent a dipole-transition matrix from the ground state to the closed channel i, and that to
the open channel p_, respectively. Actually, 7, is in proportion to g [16]. Such alteration of 7
is interpreted on the basis of the anticrossing formation of photon sidebands of 11, and p_ due
to the Autler-Townes effect, though not discussed here; for more detail, consult Ref. [16]. Thus,
it seems that comparing Figure 6(a) with Figure 5(a), the g parameter is even more controllable
by changing w than by F,.

3.2. TFR in the CP generation

For the calculations of TFR spectra of undoped Si and undoped GaAs, the associated materials
parameters employed in the present study are shown in Ref. [31], while parameters of a
square-shaped pulse laser employed are as follows. For undoped Si and undoped GaAs,
detuning with reference to energy band gap Aw=82 and 73 meV, respectively, temporal width
1;=15 fs, pulse area A;=0.127t and 0.207, respectively, and the maximum excited electron
density N =6.31x10" and 5.30 x 10" cm®, respectively; by Aw>0, it is meant that opaque
interband transitions with real excited carriers are examined. Further, two time constants of
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Figure 6. The DFR-related quantities as a function of w with the fixed value of F,.=180 meV. The calculated results
represented by the filled symbols are connected by the solid lines in order to aid the presentation. (a) [1/g®| and I' and
(b) |74l (from Ref. [16] with partial modification).

Ty, and T, are introduced, which represent phenomenological damping time constants of
induced carrier density with isotropic momentum distribution and anisotropic momentum
distribution with g, respectively. The temporal region t<Tj, is termed as the early-time region
during which a great number of carriers still stay in excited states, and the quantum processes
govern the CP dynamics; T, is approximately equal to Tq(kbb/) introduced in Eq. (14). On the
other hand, the temporal region t>T;, is termed as the classical region. For the present
calculations, Tj;12 and T, are set equal to 20 and 90 fs, respectively. As regards experimental
estimates of these time constants for Si, T;1> and T, extracted from the CP measurements in

Ref. [45] are 16 and 100 fs, respectively, at N, = 4 x 10" cm 3.

Transient induced photoemission spectra A, (t,,w,) defined in Section 2.2.2 show the change
of excited electronic structure due to the pump field at probe time t,, and this is crucial to
understand the TFR accompanied by CP generation. The total retarded longitudinal suscepti-
bility consists of the dynamically screened Coulomb interaction induced by electron and the
LO-phonon-induced interaction. That is, )EE,Q (tp; a)p) = X4 (tp; a)p) + )E; (t,,; a)p), where this is a
Fourier transform of Eq. (22) with respect to 7 into the w, domain. In the small transferred
momentum ¢ limit, ¥, (¢y; w,) is proportional to Iq12, while ¥, (t,; w,) is proportional to 1¢1?
for the Frohlich interaction exclusively for a polar crystal such as GaAs and to |g!* for the
deformation potential interaction. This difference is attributed to the fact that the Frohlich
interaction is of long range, and the deformation potential interaction is of short range. It is
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noted that in a nonpolar crystal such as Si, a dipole transition for lattice absorption vanishes in
the limit of g = 0 because of the presence of spatial inversion symmetry [61].

In Figures 7 and 8, A, (t,; w, ) of Si and GaAs as a function of w, is shown, respectively, by solid
lines at t, equal to t;=15, t£,=65 and t3=100 fs, where the separate contributions from
Xq(ty; w,) and 5(;7 (ty;p) are also shown by chain and dashed lines, respectively. i, (t,; wp)
and )N('q (tp; wp) are mostly governed by the plasmon-like mode @; and the LO-phonon mode a5,
respectively. In both figures, it is seen that just 5(:1 (ty;wp) contributes to the formation of

spectral peaks and becomes dominant over x, (tp; wp) in the classical region.

Figure 7(a) shows Zq (tp; a)p) of Si at t, = t;<Tq1, where the obtained continuum spectra are
governed by the contribution from x, (tp; a)p), whereas the contribution from )E;] (tp; a)p) is
negligibly small due to the proportion of it to |g1*. In Figure 7(b) at t, = t, with T,12<t,<T}», the
contributions from ¥, (t,; w,) are damped to be comparable to those from )N(:] (tp; wp). It is noted

that asymmetric spectra characteristic of FR are manifested with a dip followed by a peak. This is
in sharp contrast with a symmetric Lorentzian profile shown in Figure 7(c) at t, = t3>T1,. As

regards A, (t,; w,) of GaAs, it is shown in Figure 8(a) that at £, = t;, a pronounced peak due to the
a, mode, is superimposed with a continuum background composed of ¥, (t,; @) and i, (t; @,)
with comparable order, since both are in proportion to || The spectra at t, = t, shown in
Figure 8(b) are dominated by 5(:1 (tp; wp), differing a lot from those shown in Figure 7(b) of Si.

The spectra at t, = t3 in Figure 8(c) are similar to those in Figure 7(c).

The origin of the manifestation of TFR in Si shown in Figure 7(b) is examined below. The
principal difference between Si and GaAs observed here is attributed just to the effective
coupling M,z between quasiboson and LO-phonon aside from less significant difference in
other material parameters; this appears in the matrix h, introduced in Eq. (16), and the
approximation of M, :M;I is employed here. The primitive coupling constant g;4 incorporated

in Mg consists of gl?q and gl , representing the coupling constants due to a phenomenological

x10" x10° x10"

2
g (a) 15fs 2 (b) 65 fs 6 (c) 100 fs
= \
= 1 \ 4
g N
894 | ——
A R PN { S 2
& 0 \l
~" 0 ____________________________ \“
|<€ -1 0

0 20 40 60 80 100120 60 62 64 66 60 62 64 66

®p (meV) ®p (meV) ®p (meV)

Figure 7. Zq (t,,J7 a)p) of undoped Si (solid line) as a function of w, at t, equal to (a) 15 fs, (b) 65 fs, and (c) 100 fs. Separate
contributions to the spectra from ¥, (,; w,) and )E; (tp; wy) are also shown by chain and dashed lines, respectively. A, (t,; w)

is reckoned from structureless background due to electron-hole continuum states f that are almost constant in the @), region
concerned. The widths of the spectral peaks are determined by a phenomenological damping constant T,;, of LO-phonon due
to lattice anharmonicity: 2/T,;,=0.27 meV (from Ref. [31] with partial modification).
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Figure 8. The same as Figure 7 but for undoped GaAs (from Ref. [31] with partial modification).

LO-phonon deformation potential interaction and the Frohlich interaction, respectively, that is,
Sbq = Sby + 8hy- Here, gi7 is real and approximately independent of g, while gj, is pure imagi-

nary and |g} gl lg/" [61]. In a nonpolar crystal such as Si, g, g = gEq, whereas in a polar or

partially ionic crystal such as GaAs, gj,, is much dominant to g;}, namely, g, = g;,. Actually, the

phase of M,z is almost determined by that of g, since a residual factor defining M,z is almost
considered real. Thus, Mg is a complex number given by M,z = IMqﬁlel¢q" in general; ¢,5=0,7
for Si, while ¢ 4 = +71/2 for GaAs.

Next, discussion is made on how such difference of Mg affects the spectral profile of Ag(ty;wp)
based on the PQ picture depicted in Figure 2. It is seen that there are two transition paths for
the process: one is a direct path mediated by an optical transition matrix Df;azz from LO-phonon
state a, to the PQ ground state, and the other is a two-step resonant path mediated by M4
from a, to quasiboson state f3, followed by a deexcited process mediated by an optical transi-
tion matrix DS;CZZ from B to the PQ ground state. Accordingly, owing to Shore’s model [62], the

induced photoemission spectra in the proximity of w, = a),(,LO) is read as

A‘]az (wl’ B wEILO)> + Bqaz rqaz /2

Aq(ty;wp) =Cop + (28)
q\'p> Wp) =Lap 2
LO 2
(“)p - o )> + (Tga/2)
where a set of Shore’s spectral parameters of Ay, Bya, and Cyg are provided by
Aga, = 2IDSIDY) 1M
/[e%) | qp ” qas || qﬁl COos (Pqﬁ
. 2 2
Byar = ~2D 1D, Mgl sin o + (D, | [Myp[*/ (T, /2) (29)

¢y = D[
’1ﬁ_‘ qp

and the natural spectral width is represented by I'ya, = 27tpga,|Mga, 1% pga, and M,,, are the
density of state of quasiboson and the coupling matrix at ;3 = a)E,LO), respectively. The associ-

ated Fano's q parameter is determined in terms of Shore’s parameters as q,,, (f) = 7qa, (tp)

g0 (b)) [Far ()] + 1 With 7ga, (£) = Byay /Agas and 0 e (£) = Agar /| Agas |-

227



228 Resonance

An asymmetric spectral profile is exclusively determined by Agq,. It is seen that Ay, (t,) van-
ishes for ¢, = +7/2 and A4 (ty;wp) becomes of symmetric shape with |9ga,(ty)| infinite. The
spectral profile of GaAs shown in Figure 8(b) corresponds to this case. For ¢ 57 +7/2, both
Aga, (t,) and By, (t,) are finite, and A, (t,; @) becomes of asymmetric shape with |g,.,(t,)| finite.
The spectral profile of Si shown in Figure 7(b) corresponds to this case, where ¢,4~0,7. For

Figures 7(c) and 8(c), since D;CH) and |[M,g| become negligibly small, Zq (tp;w) is governed by the

second term of the expression of B,,,(t,), and this becomes symmetric with I';,,=0. To conclude,

the effective coupling M,z around &3 = a),(,LO) plays the crucial role of the manifestation of TFR,

and the asymmetry of profile is mostly determined by ¢,z as long as |M,g| is still large.

Finally, the manifestation of TFR of Si is discussed from the viewpoint of the allocation of time
constants Tj1> and T7,, where one sets T,1,<T,. This is an important issue for deepening the
understanding of TFR. As shown in Figure 7(b), in the region of T, 5t,<T1,, the asymmetric
spectral profile bursts into view from the structureless continuum yx, (tp;w). Actually, in the

early-time region of t,<Ti,, the excited carrier density is still populated enough around the

energy region of £,5=wy ) to couple strongly with LO-phonon, while the effect of gy ) is

much suppressed in the region of T,,St,. As regards a different allocation of these time
constants, for instance, T,12~T12, the TFR profile is no longer observed in the region of £,<
T, since this is covered with still dominant contributions from y q (tp; a)), and the effect of Mg
becomes too small to cause TFR in the region of t,=Ti,. Therefore, the allocation of time
constants such as T,;1,<Ti> is a necessary condition for realizing the TFR of Si in Zq (tp; a));
otherwise this never appears.

4. Conclusion

Transient and optically nonlinear FR in condensed matter is examined here, which differs from
conventional FR processes caused by a weak external perturbation in a stationary system. In
particular, the following two FR processes are discussed: one is the DFR of Floquet exciton
realized in semiconductor superlattices driven by a strong cw laser, and the other is the TFR
accompanied by the CP generated by an ultrashort pulse laser in bulk crystals of undoped Si
and undoped GaAs.

It is shown that the physical quantities relevant to the DFR spectra can be controlled by
modulating F,. and w. In particular, the quantities as a function of F,. take the extrema due to
the ac-Zener coupling between the photon sidebands of u; and u, when F,. is suitably
adjusted to satisfy the DL condition. Further, the strong w dependence is explained on the
basis of the Autler-Townes effect forming the anticrossing between these two photon side-
bands. It is remarked that the spectral width shown in Figures 5 and 6 seems too small to be
confirmed by experiments. Actually, in the present calculations, the Coulomb many-body
effect is neglected. At least at the Hartree-Fock level, the vertex correction to the Rabi energy
would make the net ac-Zener coupling stronger to result in such a great DFR width that
experimental measurement would be accessible.
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As regards the TER spectra, the PQ model succeeds in demonstrating the appearance of asym-
metric spectral profile in Si in a flash, whereas the profile observed in GaAs remains symmetric;
the obtained results are in harmony with the existing experimental ones [45]. The difference
between Si and GaAs is attributed to the phase factor of the effective coupling Mg(t,). To
conclude, it is found that in order to realize the TFR in the CP dynamics, the following conditions
are to be fulfilled simultaneously. First, the coupling of an LO-phonon with an electron-hole
continuum is conducted by the LO-phonon deformation potential interaction rather than by the

Frohlich interaction. Second, photoexcited carriers are populated enough around the energy

region &g = a),(,LO) in the early-time region T,1,<t,<T7, with Tj1o < T,.
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